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Abstract. I have developed two numerical codes to investigate the dynamics of collapsars. One is two-dimensional MHD
code that are performed using the Newtonian (ZEUS-2D) code where realistic equation of state, neutrino cooling and heating
processes, magnetic fields, and gravitational force from the central black hole and self-gravity are taken into account. The other
one is two-dimensional general relativistic magnetohydrodynamic (GRMHD) code. At present, no microphysics is included
in the GRMHD code. I have performed numerical simulations of collapsars using these codes and realistic progenitor models.
In the Newtonian code, it is found that neutrino heating processes are not efficient enough to launch a jet in this study. It is
also found that a jet is launched mainly by toroidal fields that are amplified by the winding-up effect. However, since the ratio
of total energy relative to the rest-mass energy in the jet is not as high as several hundred, we conclude that the jets seen in
this study are not GRB jets. In the GRMHD simulation, it is shown that a jet is launched from the center of the progenitor.
We also find that the mass accretion rate after the launch of the jet shows rapid time variability that resembles to a typical
time profile of a GRB. Even at the final stage of the simulation, bulk Lorentz factor of the jet is still low, and total energy
of the jet is still as small as 1048 erg. However, we find that the energy flux per unit rest-mass flux is as high as 102 at the
bottom of the jet. Thus we conclude that the bulk Lorentz factor of the jet can be potentially high when it propagates outward.
We also performed two-dimensional relativistic hydrodynamic simulations in the context of collapsar model to investigate the
explosive nucleosynthesis happened there. It is found that the amount of 56Ni is very sensitive to the energy deposition rate.
This result means that the amount of synthesized 56Ni can be little even if the total explosion energy is as large as 1052 erg.
Thus, some GRBs can associate with faint supernovae. Thus we consider it is quite natural to detect no underlying supernova
in some X-ray afterglows.
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INTRODUCTION
Gamma-Ray Bursts (GRBs; in this study, we consider
only long GRBs, so we refer to long GRBs as GRBs
hereafter) have been mysterious phenomena since their
discovery in 1969. Last decade, observational evidence
for supernovae (SNe) and GRBs association has been
reported. Some of the SNe that associate with GRBs
were very energetic and blight. The estimated explosion
energy was of the order 1052 ergs, and produced nickel
mass was about 0.5 M. Thus they are categorized as
a new type of SNe (sometimes called as hypernovae).
The largeness of the explosion energy is very important,
because it can not be explained by the standard core-
collapse SN scenario, and other mechanism should be
working at the center of the progenitors.
The promising scenarios are the collapsar scenario
and the magnetar scenario. In the collapsar scenario, a
rapidly rotating black hole (BH) is formed at the center,
while a rapidly rotating neutron star with strong mag-
netic fields ( about 1015G) is formed in the magnetar
scenario. In this study, we investigate the collapsar sce-
nario. In the collapsar scenario, a BH is formed as a re-
sult of gravitational collapse. Also, rotation of the pro-
genitor plays an essential role. Due to the rotation, an
accretion disk is formed around the equatorial plane.
On the other hand, the matter around the rotation axis
falls into the BH almost freely. It is pointed out that the
jet-induced explosion along the rotation axis may occur
due to the heating through pair annihilation of neutri-
nos and anti-neutrinos that are emitted from the accre-
tion disk. Effect of extraction of rotation energy from the
accretion disk by magnetic field lines that leave the disk
surface (Blandford-Payne effect) is also investigated by
several authors. Recently, the effect of extraction of ro-
tation energy from the BH through outgoing poynting
flux (Blandford-Znajek effect) is investigated [1]. In or-
der to investigate the collapsar scenario completely, a
high quality numerical code including effects of a lot
of microphysics (neutrino physics, nuclear physics, and
equation of state for dense matter) and macrophysics
(magneto-hydrodynamics, general relativity) has to be
developed. Although many numerical studies have been
reported, such a numerical code has not been developed
yet. Thus we have to develop our numerical code step by
step.
In this paper, we investigate the dynamics of collapsars
using two numerical codes that I have developed. One is
two-dimensional MHD code that are performed using the
Newtonian (ZEUS-2D) code where realistic equation of
state, neutrino cooling and heating processes, magnetic
fields, and gravitational force from the central black hole
and self-gravity are taken into account [2]. The other one
is two-dimensional general relativistic magnetohydrody-
namic (GRMHD) code [3]. At present, no microphysics
is included in the GRMHD code. I have performed nu-
merical simulations of collapsars using these codes and
realistic progenitor models.
As a result, I found the following points: In the Newto-
nian code, it is found that neutrino heating processes are
not efficient enough to launch a jet in this study. It is also
found that a jet is launched mainly by toroidal fields that
are amplified by the winding-up effect. However, since
the ratio of total energy relative to the rest-mass energy
in the jet is not as high as several hundred, we conclude
that the jets seen in this study are not GRB jets. In the
GRMHD simulation, it is shown that a jet is launched
from the center of the progenitor. We also find that the
mass accretion rate after the launch of the jet shows rapid
time variability that resembles to a typical time profile of
a GRB. Even at the final stage of the simulation, bulk
Lorentz factor of the jet is still low, and total energy of
the jet is still as small as 1048 erg. However, we find that
the energy flux per unit rest-mass flux is as high as 102
at the bottom of the jet. Thus we conclude that the bulk
Lorentz factor of the jet can be potentially high when it
propagates outward.
Also, we perform two-dimensional relativistic hydro-
dynamic simulations in the context of collapsar model
to investigate the explosive nucleosynthesis happened
there. We have to be careful to the point that where and
when 56Ni is synthesized in the collapsar is not unclear.
This is because the explosion mechanism is not known
well. One possibility is that 56Ni is synthesized in the jet
region like jet-like supernova explosion [4, 5]. Another
possibility is that nucleosynthesis in the accretion disk,
and some fraction of the accreting matter escape from
the system [6]. In this paper, we consider the former pos-
sibility.
As a result, it is found that the amount of 56Ni is
very sensitive to the energy deposition rate. This result
means that the amount of synthesized 56Ni is little even
if the total explosion energy is as large as 1052 erg. Thus,
some GRBs can associate with faint supernovae. Thus
we consider it is quite natural to detect no underlying
supernova in some X-ray afterglows.
NEWTONIAN SIMULATIONS
Formulation
We perform two-dimensional MHD simulations tak-
ing account of self-gravity and gravitational potential of
the central point mass. The calculated region corresponds
to a quarter of the meridian plane under the assumption
of axisymmetry and equatorial symmetry. The radial grid
is nonuniform, extending from 106 to 1010 cm with finer
grids near the center, while the polar grid is uniform. We
adopt the model E25 in Heger et al. (2000). This model
corresponds to a star that has 25 M initially with solar
metallicity but loses its mass and becomes 5.45 M of a
Wolf-Rayet star at the final stage.
The EOS used in this study is the one developed by
[7]. This EOS contains an electron-positron gas with ar-
bitrary degeneracy, which is in thermal equilibrium with
blackbody radiation and ideal gas of nuclei. Although
the ideal gas contribution of nuclei to the total pressure
is negligible, effects of energy gain/loss due to nuclear
reactions are important. In this study, nuclear statistical
equilibrium is assumed for the region where T> 5×109
K is satisfied.
Neutrino cooling processes due to pair capture on free
nucleons, pair annihilation, and plasmon decay are in-
cluded in this study. The neutrino heating process due to
neutrino pair annihilation and electron-type neutrino cap-
tures on free nucleons with blocking factors of electrons
and positrons are included in this study.
Results
Dynamics without Magnetic Fields
We show in Figure 1 the density contour of the cen-
tral region of the progenitor (r < 108 cm) with veloc-
ity fields at 2.2 sec for the case without magnetic fields.
The contour represents the density (g/cc) in logarithmic
scale (103-1012). Vertical axis and horizontal axis repre-
sent polar axis (=rotation axis) and equatorial plane, re-
spectively. In the case without magnetic fields, no jet is
seen even if neutrino pair-annihilation effects are taken
into account in this simulation.
Dynamics with Magnetic Fields
When vertical, weak magnetic fields are put as an ini-
tial condition, the dynamics is changed. An example is
shown in Figure 2 where initial amplitude of the mag-
netic fields is set to be 109G. It is found that a jet is
launched by magnetic fields (in particular, toroidal mag-
FIGURE 1. Density contour of the central region of the
progenitor (r < 108 cm) with velocity fields at 2.2 sec for
the case without magnetic fields. The contour represents the
density (g/cc) in logarithmic scale (103-1012). Vertical axis
and horizontal axis represent polar axis (=rotation axis) and
equatorial plane.
FIGURE 2. Same with Figure 1, but with magnetic fields.
Initial amplitude of the vertical magnetic fields is set to be
109G.
netic fields that are amplified by the winding-up effect).
However, the ratio of total energy relative to the rest-
mass energy in the jet at the final stage of simulations
suggests that the bulk Lorentz factor of the jet will not
reach as high as several hundred, so it is concluded that
the jet seen in this study will not be a GRB jet.
GENERAL RELATIVISTIC MHD
SIMULATIONS
Formulation
We have developed a two-dimensional GRMHD code
following [8, 9]. We have adopted a conservative, shock-
capturing scheme with Harten, Lax, and van Leer (HLL)
flux term with flux-interpolated constrained transport
technique. We use a third-order Total Variation Dimin-
ishing (TVD) Runge-Kutta method for evolution in time,
while monotonized central slope-limited linear interpola-
tion method is used for second-order accuracy in space.
2D scheme (2-dimensional Newton-Raphson method) is
usually adopted for transforming conserved variables to
primitive variables.
When we perform simulations of GRMHD, Modified
Kerr-Schild coordinate is basically adopted with mass
of the BH (M) fixed where the Kerr-Schild radius r is
replaced by the logarithmic radial coordinate x1 = ln r.
When we show the result, the coordinates are sometimes
transfered from Modified Kerr-Schild coordinate to Kerr-
Schild one for convenience. In the following, we use G
=M = c = 1 unit. G is the gravitational constant, c is the
speed of light, and M is the gravitational mass of the BH
at the center.
The calculated region covers from r =1.8 to 3 ×104
(that corresponds to 5.3 ×105 cm and 8.9 ×109 cm in
cgs units) with uniform grids in the Modified Kerr-Schild
space.
We adopt the model 12TJ in [10]. This model corre-
sponds to a star that has 12 M initially with 1% of solar
metallicity, and rotates rapidly and does not lose its an-
gular momentum so much by adopting small mass loss
rate. As a result, this star has a relatively large iron core
of 1.82 M, and rotates rapidly (the estimated Kerr pa-
rameter that a BH forming of mass and angular momen-
tum of the inner 3 M would formally have is 0.57) at the
final stage. Thus we set the Kerr-parameter of the black
hole at the center is set to be 0.5 throughout of the simu-
lation.
The initial, weak poloidal magnetic fields are put ini-
tially. The minimum plasma beta in the simulation region
is greater than 100 initially.
Results
In Figure 3, color contours of rest mass density at the
central region are shown. Colors represent the density
in units of g cm−3 in logarithmic scale. The length r
= 200 corresponds to 5.9 times 107 cm. The time unit
corresponds to 9.85 times 10−6 sec. Figure 3. shows the
contours at t = 180000 (that corresponds to 1.773 sec). A
FIGURE 3. Contours of rest mass density at the central
region in logarithmic scale at t = 180000 (that corresponds
to 1.773 sec), in which cgs units are used assuming that the
gravitational mass of the BH is 2 M. The length unit in the
vertical/horizontal axes corresponds to 2.95 times105 cm.
FIGURE 4. Mass accretion rate history on the horizon.
jet is clearly seen along the rotation axis.
In Figure 4, mass accretion rate history on the horizon
is shown. It takes about 0.15 sec for the inner edge of
the matter to reach the horizon. When the matter reaches
there, there is an initial spike of the mass accretion rate.
After that, there is a quasi-steady state is realized. Then,
the jet is launched at about 1.1 sec. After that, the mass
accretion rate varies rapidly with time, which resembles
to a typical time profile of a GRB.
Figure 5 shows color contours of the plasma beta
(pgas/pmag) in logarithmic scale at t = 180000. As ex-
pected, the plasma beta is low in the jet region while it is
high in the accretion disk region. Color contours of the
FIGURE 5. Contour of the plasma beta (pgas/pmag) at t =
180000 in logarithmic scale.
FIGURE 6. Contours of the energy flux per unit rest-mass
flux at t = 180000 that represent the bulk Lorentz factor of the
invischid fluid element when all of the internal and magnetic
energy are converted into kinetic energy at large distances. The
contours are written in logarithmic scale.
energy flux per unit rest mass flux, which is conserved
for an inviscid fluid flow of magnetized plasma, are also
shown in Figure 6 (in logarithmic scale). This value rep-
resents the bulk Lorentz factor of the invischid fluid el-
ement when all of the internal and magnetic energy are
converted into kinetic energy at large distances. We can
see that the bulk Lorentz factor of the jet can be poten-
tially as high as 102 at large radius.
FIGURE 7. Density structure and velocity field of model
E51 at 1.5 sec.
FIGURE 8. Positions of the ejected test particles at 0 sec
that meet the condition that the mass fraction of 56Ni becomes
greater than 0.3 as a result of explosive nucleosynthesis for
model E51. The total ejected mass of 56Ni is 0.0439 M.
EXPLOSIVE NUCLEOSYNTHESIS IN
COLLAPSAR
Formulation
We have done two-dimensional hydrodynamic simu-
lations taking into account self-gravity and the gravita-
tional potential of the central point mass. The calculated
region corresponds to a quarter of the meridian plane un-
der the assumption of axisymmetry and equatorial sym-
metry. The spherical mesh with 250 by 30 grid points is
FIGURE 9. Same as Figure 8, but for model E52. The total
ejected mass of 56Ni is 0.23 solar masses.
used for all the computations. The radial grid is nonuni-
form, extending from 2 ×107 to 3 ×1011 cm with finer
grids near the center, while the polar grid is uniform.
We adopt the collapsar model of MacFadyen &
Woosley (1999). When the central black hole has ac-
quired a mass of 3.762 M, we map the model to our
computational grid. The surface of the helium star is
2.98 times 1010 cm. Electron fraction, Ye, is set to be
0.5 throughout of this paper since neutrino process is not
included.
To simulate the jet-induced explosion, we deposit only
thermal energy at a rate 1051 ergs/s homogeneously
within a 30 degree cone around the rotation axis for 10
sec. In the radial direction, the deposition region extends
from the inner grid boundary located at 200 km to a ra-
dius of 600 km. This treatment is same as that of [11].
We name this model E51.We consider this model to be
the standard one. For comparison, we perform a calcu-
lation in which total explosion energy (1052 ergs) is put
initially with the same deposition region as model E51.
We name these models E52.We consider that this model
represents an extreme case.
Since the hydrodynamics code is Eulerian, we use the
test particle method [12, 13] in order to obtain the infor-
mation on the time evolution of the physical quantities
along the fluid motion, which is then used for the cal-
culations of the explosive nucleosynthesis. Test particles
are scattered in the progenitor and are set at rest initially.
They move with the local fluid velocity at their own po-
sitions after the passage of the shock wave. The temper-
ature and density that each test particle experiences at
each time step are preserved.
Since the chemical composition behind the shock
wave is not in nuclear statistical equilibrium, the explo-
sive nucleosynthesis has to be calculated using the time
evolution of density and temperature, and a nuclear re-
action network, which is called post-processing. The nu-
clear reaction network contains 250 species.
Results
We deposited thermal energy to launch a jet from
the central region of the collapsar. The density structure
for models E51 at 1.0 sec is shown in Figure 7. It is
clearly shown that a sharp, narrow jet propagates along
the rotation axis in model E51, which is similar to [11].
On the other hand, in the case of E52, a broad, deformed
shock wave propagates in the progenitor (see also [5].
In Figure 8, positions of the ejected test particles for
model E51 at 0 sec are shown that satisfy the condition
that the mass fraction of 56Ni becomes greater than 0.3
as a result of explosive nucleosynthesis. The total ejected
mass of 56Ni becomes 0.0439 M, which is much smaller
than the observed values of hypernovae. In Figure 9, the
same values are shown as in Figure 8, but for models
E52. The total ejected mass of 56Ni is 0.23 M, which is
comparable to the observed values of hypernovae.
Thus we can conclude that the resulting amount of
56Ni is very sensitive to the energy deposition rate. This
result means that the amount of synthesized 56Ni can
be little even if the total explosion energy is as large
as 1052 erg. Thus, some GRBs can associate with faint
supernovae. Thus we consider it is quite natural to detect
no underlying supernova in some X-ray afterglows such
as GRB060614.
SUMMARY AND CONCLUSION
I have developed two numerical codes to investigate the
dynamics of collapsars. One is two-dimensional MHD
code that are performed using the Newtonian (ZEUS-
2D) code where realistic equation of state, neutrino cool-
ing and heating processes, magnetic fields, and grav-
itational force from the central black hole and self-
gravity are taken into account. The other one is two-
dimensional general relativistic magnetohydrodynamic
(GRMHD) code. I have performed numerical simula-
tions of collapsars using these codes and realistic pro-
genitor models. In the Newtonian code, it is found that
neutrino heating processes are not efficient enough to
launch a jet in this study. It is also found that a jet is
launched mainly by toroidal fields that are amplified by
the winding-up effect. However, since the ratio of total
energy relative to the rest-mass energy in the jet is not as
high as several hundred, we conclude that the jets seen
in this study are not GRB jets. In the GRMHD simula-
tion, it is shown that a jet is launched from the center of
the progenitor. We also find that the mass accretion rate
after the launch of the jet shows rapid time variability
that resembles to a typical time profile of a GRB. Even
at the final stage of the simulation, bulk Lorentz factor
of the jet is still low, and total energy of the jet is still as
small as 1048 erg. However, we find that the energy flux
per unit rest-mass flux is as high as 102 at the bottom
of the jet. Thus we conclude that the bulk Lorentz fac-
tor of the jet can be potentially high when it propagates
outward. We also performed two-dimensional relativis-
tic hydrodynamic simulations in the context of collapsar
model to investigate the explosive nucleosynthesis hap-
pened there. It is found that the amount of 56Ni is very
sensitive to the energy deposition rate. This result means
that the amount of synthesized 56Ni can be little even if
the total explosion energy is as large as 1052 erg. Thus,
some GRBs can associate with faint supernovae. Thus
we consider it is quite natural to detect no underlying su-
pernova in some X-ray afterglows such as GRB060614.
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